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Summary:

This study of the separated flow over unswept wings is a result of the cooperation
berween SDSU and NASA Ames Research Center. The research had elements of wind-
tunnel and numerical experimentations which were carried out both at SDSU and at Ames
research center. One of the important accomplishmments of this study is the measurement of
the ume-dependent pressures on a stalled airfoil. The three-dimensional, cellular nature of
the separation pattern on the wing was documented and the dominant frequencies of the
pressure flactuatdons were recorded. The lateral instability of this cellular pattern was
observed first but this phenomenon seemed to be arbimary and not periodic. The existence
of a frequency, lower than the antcipated wake shedding frequency, was documented
(which was reported only once before in the open literature). This finding may prove
valuable for the noise reducton efforts of the high-lift systems of landing aircraft.

Extensive numerical investigations with the INS2D code indicated that the existence
of the above mentoned low-frequency oscilladons can be captured by the computadons.
Predicton of the flow separadon point ar a given angle of attack is stll difficult, but the
rends are close to the experimental observatdons. For example, the onset of stall is similar
in both cases, but in the computations the events were delaved to somewhar higher angles
of artack. Past experience indicate thar this discrepancy can be cured by increasing grid
densiry in the viciniry of the separarion point, by using certain forms of adaptve grids.

This research effort resulted so far in one joint publication (Ref. 5) and two more
papers were completed and submitted for publication. (All three articles are enclosed with
this document.) The following paragraphs provide a short overview of the technical results

of this project and more details can be found in the enclosed articles.

Introduction:

The unsteady aerodynamics of separated high angle of attack flows over rectangular
wings have significant implications for the high angle of artack performance and stability of
military, commercial, and general aviation aircraft. Experimental and numerical
investigations of the airfoil shapes used on these airplanes are primarily carried out under
the assumpton that the resulting flow field is two dimensional. This assumption is called
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into quesdon by the three dimensional structures noted in the surface flow visualization
experiments of Winkelmann and Barlow (1980) and Gregory et al. (1970). These
structures, termed stall cells by Winkelmann, are observed in a narrow angle of attack
range beginning just after the point of maximum lift and are interpreted to be the surface
manifestadon of discrete regions of separated flow bounded laterally by narrow regions of
attached flow. Stall cells occur quasi periodically along the span of the upper surface of an
incipienty sulled rectangular wing, the number of cells being determined by aspect rago.
In the same angle of attack range over which stall cells are observed, Zaman et al. (1989)
and Bragg and Zaman (1995) have noted upper surface velocity fluctuations in the
separated region corresponding to large amplitude motons of the leading edge separated
shear layer. These fluctuadons occur with a Strouhal number well below the values of
0.15-0.2 commonly thought to characterize unsteady wakes behind bluff bodies. Instead,
the shear layer fluctuations occur at approximately the frequencies characterisuc of stall
flutter as noted by Armsoong and Stevenson (1960) and Baker (1955) and have been
hypothesized to be the driving force for that phenomena. To date, no connecton has been
made between stall cells and the low frequency fluctuadons. The present study attemnpts to
investgate, through wind munnel experimentadon and computatonal simulation, the origins
of stall cell separaton and low frequency wake fluctuadons and their reladonship

and to apply the increased understanding of unsteady separated flows toward safety and

performance enhancing modifications 10 wing design.

Method:

Wind unnel investigation of the separated flow phenomenon indicated above took
place in the SDSU low speed wind tunnel. This facility is a closed cycle, verucal return
tunnel with a 3'x4' test section and a maximum speed of 180 mph. For the current test,
tunnel speed is set to 140 mph, which corresponds to Re=620,000 with the 6 inch chord
model. The wing model employs six unit aspect rado secdons with NACA 0015 profile
which can be combined to produce finite wings with aspect ratio variable in integer
increments from 2 to 6. All six sections are tufted for surface flow visualization. One of
the sectdons is fitted with a chordwise array of five high frequency Endevco pressure
Tansducers to record unsteady static pressures and five statc pressure taps for mean static
pressure measurement. The spanwise placement of the insoumented section is vaniable in
order to allow examination of various parts of the surface flow field as indicated by the

surface flow patterns.



Numerical simuladon of the separated flow phenomenon is provided by time
accurate soludon of the unsteady Navier Stokes equadons. Proper simulation of the fully
three dimensional aspects of unsteady separation would require impractical computer
memory and CPU resource allocadons. Instead, we employ a two dimensional model to
invesdgate the shear layer instabilities hypothesized to account for the low frequency
velocity flucmuations. The NASA Ames dcvcloﬁcd code INS2D is employed with a
Baidwin-Barth one equaton turbulence model. Consistent with previous two dimensional
numerical simuladons (Zaman et al., 1989), turbulence producdon in the boundary layer is

assumed to begin at the leading edge stagnation point

Results:

Flow visualizaton with the NACA 0015 finite wing models indicates that discrete
stall cells exist in the upper surface flow field of finite wings with aspectratos greater than
3. The opdmal angle of arrack for stall cell separaton on the current model is around 17
degrees, which is slightly less than that found by Winkelmann (1980) with a Clark Y
secton of comparable thickness. The stall cells are dynamic and move laterally along the
span of the model, a phenomena not observed before. Varying the aspect rato results in
stable stall cell parterns when the aspect rato is approximately divisible by 3. For aspect
ranos berween these stable points, the separadon pattern is unstable and switches berween
the two adjacent stable patterns.

Mean static pressure within the stall cell is essentially constant over the model
chord, but within the artached regions bounding the individual cells, the mean pressure
dismibution szongly resembles that of an attached flow with angle of attack significantly
less than the model orientation.

Time varying pressures within the stall cells indicate the presence of large amplitude
low frequency components similar to those observed by Zaman et al. (1989) and Bragg and
Zaman (1994). These fluctuations are swong in the vicinity of the model and much weaker
in the wake. Analysis of the dme series shows that the pressure fluctuations convect
sweamwise with a speed approximately half the free soeam speed. Significant dme periods
during which no'iargc pressure fluctuations are observed indicates that there is no causal
connection between the low frequency fluctuations and the occurrence of stall cells.
Addidonal observations indicate that the low frequency fluctuations are not related to a
periodic stwll/un-stall of the upper surface as reported by Zaman et al. (1989) and Moss
(1979). Increasing the angle of attack past the range of suall cell swability results in greaty
decreasing the magnitude of the model surface pressure fluctuations. Wake pressure



fluctuations, however, increase in magnitude with increasing angle of artack and occur with
frequencies which are consistent with a von Karman vortex steet structure in the wake.

The computational simulation begins with the impulsive acceleration of the 2-D
section at the required angle of artack. The resultng load histories indicate the presence of
three distinct regimes, first reported by Katz et al. (1994) in a laminar simulaton.
Transient effects include such phenomena as delay of the Kurta condition, potendal lift
buildup, and possible wapped vortex formaton (depending on angle of attack) which may
explain the high lift observed on numerous unsteady flows. After the passage of the
wansient events (;V_ /¢ > 15), the load histories conrtain periodicides which may model the
pressure fluctuations observed in the wind runnel experiments. At very high angles of
antack, these flucruadons occur with Strouhal numbers in the range 0.15 - 0.20, consistent
with a von Karman vortex street wake. At slightly lower angles of attack, the dominant lift
fluctuations occur at frequencies corresponding to Strouhal numbers near 0.1, or
approximately half the expected bluff body value. The existence of this second excitadon
frequency is important to the study of airframe noise ar high lift condidons.

Conclusions:

1) Stall cell separation is a dynamic phenomena. Individual stall cells exhibit

considerable lateral movement.
2) Low frequency pressure fluctuations are confined to the vicinity of the

model and are disdncr from the higher angle of antack von Karman voriex

seet sguctures observed in the wake.
3) Low frequency surface pressure fluctuations are nor causally related to szall

cell separarion and are probably not indicative of a periodic stall/un-stall

cycle.

Additional details of the experimental and computational work are provided in the attached
papers which are an integral part of this report.
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